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SUMMARY

Measurementsofpropellerefficiencylossduetoicefamatimare
supplementedbyananalysistoestablishthemagnitudeofefficiency
lossestobeanticipatedduringflightinicingconditions.Themeasure-
mentsweremadeduringflightinnaturalicingconditions;whereasthe
analysisconsistedofaninvestigationofchangesh blade+ectionaero-
dynamiccharacteristicscausedbyicef.b’mationandtheresultingpro-
pellerefficiencychanges.Agreementintheorderofmagnitudeofeffi-
ciencylossestobeexpectedisobtainedbetweenmeasuredandanalytical
results.Theresultsindicatethat,ingeneral,efficiencylossescan
beexpectedtobelessthan10percent;whereasmaximmlosses,which’
wilJ.beencounteredml.yrarely,maybeashighas15or20percent.
Reportedlosseslargerthan15m 20percent,basedonreductionsin “
airplaneperfcmmance,probablyareduetoiceaccretionsonotherparts
oftheairplane.

Blade-elementtheayisusedh thes=LQticaltrea+ment~- CCL1- .
culationsaremadetoshowthedegreetowhichtheaerodynamiccharac–
teristlcsof a bladesectionmustbealteredtoproducevariouspropeller
efficiencylosses.Theeffectsoficeaccretionsonairfoil+ection
characteristicsatsubcriticalspeedsandtheirinfluenceondrag—
divergenceMachnusiberareexamined,andtheattendantmaximumefficiency
lossesarecamputed.Theeffectofkineticheatingontheradialextent
oficeformaticmisconsidered,anditsinfluenceonrequiredlengthof
bladeheatingshoesisdiscussed.Itisdem-tratedhowtheefficiency
lossresultingfromanicingencounterisinfluencedb$thedecisionsof
thepilotinadjustingtheengineandpropellercontrols.

INTR(UJCTION

Ithaslongbeenrecognized.thatoneofthehazardsofflightin
icingconditionsisthefornmtionoficeonpropellers.Thepresence
oficeonpropellerbladescausesa decreaseintheoperatingefficiency
ofthepropelleranda correspondingdecreaseinthed.rplaneperformance.
Therehasbeenmuchdisagreementastotheactualmagnitudeofefficiency
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lossesexperiencedinicingcmditions.Measurementshavebeenmadeof
propellerefficiencylosseswithsimulatediceformaticms(references1
and2)andinnaturalizingconditions(reference3). !l!hemeasucedlosses
werelowwhencmparedwiththosegenerallyexpected.;however,reports
ofverylargeapparentlosses,deducedfromdecreaseinairplaneperfor-
mance,persisted.A reviewoftheavailabledata (references1,2,and3)
indicated-thatfurtherefficiency-lossmeasurementssupplementedbyan
analysisoftheproblemwouldYerequiredbefm?econclusivestatements
couldbemadere@rdingtheorderofmagnitudeoflossestobeanticipated
inicingconditions.Theobjectivesofthepresentinvestigation,there-
fore,weretoprovide’additionalmeasurementsofpropellerefficiencyloss
resultingfromiceformatiau,andtoanalyzetheproblemofefficiency
lossinanattempttoprovidea meansforapplying,generally,theexist+
ingdata.Thus,additionaldatatodetermineefficiencylosswereobtained
inflightundernaturalicingcanditicmsas~ ofa comprehensiveinves-
tigationofaircrafticingbytheNACA.Anotherphaseoftheprogram
(reportedinreference4)wastheinvestigationofthemetemologicalfac-
torscmducivetoicing,thereforeprovidingquantitativedataonthe
severityoftheicingconditionsunderwhichprupelJer=performsncemeas-
urementsweremade.

TheresearchW& conductedby the AmesAeronauticalLaboratory.Data
wereobtainedovermostoftheUhitedStatesduringthewintersof1946-47
and1947-. Measmementstie duringthewinterof194@+7areincluded
inreference3. Theresultsofthe1947-48winterseasonarepresentedti
thisreport.

AppreciaticmisextendedtoUnitedAirLines,tic.,theUnitedStates
WeatherBureau,andtheAirMaterielCommandoftheU.S.AirFcn?cefor
aidandcooperationintheresearch.

DESCRIPTIONCIP’EQUIPMENT

Theflighttestswereconductedwiththetwin+mgineairplaneshownin
figure1. Modificationshadbeenmadetoprotidethermalice+revention
equipmentforthewings,tail,andwindshield.A descriptionofthether-
malsystemisgiveninreference5. Therightengineandpropellerwere
utilizedforthepurposesoftheresearch,andstandardcommercialelec-
tricallyheatedbladeshoeswereinstalledontbeleftpropellerfcwice
protection.

Thetestprupellerconsist-offourbladescomposedofdcxible-camber
ClarkY sections.Thediameterwas13.5feet.Characteristicsofthe
bladedesi~assupplied.bythemanufactureraregiveninfigure2. The
s~ols used.inthisfigureandtbruughoutthereportarelisted.and
definedinAppendixA. Speciallybuiltbladeheatingshoes,constructed
attheAmeslab-tory,wereinstalledfcmpropellerheatingtests,which
weremadeinconjunctiawiththeperforimncetests.Theshoesconsisted
ofseveralwraQ@ngsofclothtape.inwhichtheheater

.
elementswere
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embedded.TwO-inch+idestripsofmetalwerecementedova the w323pp~
alongtheleadingedgesofthebladesinordertoprotecttheshoesfrom
abrasion.An enlargedspinner,builtfcmthepurposeofhousinginstr%
mentationrelatedtothe.heatingstudies,wasmountedonthetestpropeller.
Figure3 showsthetestpropellerccmpletewithheatingshoesandspinner.
Whitemarkinglineswerepaintedonthebladesfcmeaseinnotingice
locatimls.

A thrustmeteranda tmquemeterwereinstalledintherightengine
formeasuringthrustandtorqueabsorbedbyth6testpropeller.Boththe
thrustmeterandthetorquemeterutilizedpistonswhichwerehydraulically
restrain~sothatthepressurerequiredtomaintainthepistonsina
floatingconditiongavea measureofthrustortorquebeingabsorbedby
thepropeller.Pressuregagesconnected.tothehydrauliclinesp-ovided
meansfa observingandretardingthevaluesofthrustandtorque.A cal-
ibrationofthetbrustmeterhadbeenmde attheengineflactorywherethe
thrustmeterwasinstalled.Thecalibrationwasmadeona thrustdynamom-
eterrigandgaveresultstoanaccuracyof*1percentthrougha widerange
ofpropellerthrustsencompassingthenormaloperatingrange.Thetorque-
meterwasthestandardtarquemetersupplied“withtheengine.Nospecial
calibraticmofthetorquemeterwasmadeforthepurposeofthesetests.
Sinceitwasnotfeasibletocalibratethetaquemeteror.torecalibrate
thethrustmeterperiodicallyduringthetests,itwasdecidedthatocca-
sionalchecksoftherepeatabilityofthethrustmeterandthetorquemeter
wouldserveasa satisfactoryindicatimoftheirreliability.Conse-
quently,periodicmeasurementsweremadeoftheefficiencyofthetest
propeller in clearair. Thisprovideda checkoftherepeatabilityof
boththethrustmeterandthetorquemeter.Thetestsgaveresultsofpro-
pellerefficiencywhichrepeatedwithin*2percent.Thus,althoughno
checkofthe-absolutevaluesofthrustandtorquewasmade,i%isbelieved
themeasurementsofpropelierefficiencychangeareaccuratetowithin
*4percentofprupellerefficiency.

Equipmentwasdevelupedtoenablephotograpldngthetestpropeller
bladeswhilerotatingsothatpicturescouldbetakenduringflightin
icingconditicmswithoutresorttofeathering.Theequipmentconsisted
oftwocamerassynchrcmizedtohi-peed flashlampsandtothepropeller.
Onecamerawasmountedtophotographthecamberfaceandonetophoto-
graphthethrustfaceoftheprupelMmblades.Figure4 showsoneofthe
camerasinstalled.Eachcameracontainedtwoshutters,oneleaftypeand
onerotary+lisktype.Thepurposeoftheshutterswastoprovidea means
foreliminatingasmuchofthebackgroundlightaspossiblewhilethe
flashlampilludnatedthspropeller.Thediskshutterwasmountedona
l/&orsepowerelectricmotorwhichrevolvedcontinuouslyduringtheph~
tographingprocedure.Theshutterswerearrangedsuchthattheleaf
shutteropenedandallowedtheapertureinthedisktopassoncebefae
closingagain.Duringthetimethatthediskaperturewasinflrontof
thecameralens,theflashlampwasdischarged.Thedurationofexposure
wasgovernedbytheflashlamp,whichgaveaneffective~osure timeof
aboutl/10,000second.Twoflashlampsweremea, me mountedbeside
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each~, asshuwninfigure5. Thecamerashutters,flashlamps,and
.

propellerweresynchronizedsothatpicturescouldbetakenofanyone
selectedbladewitheithercmbothcameras.CcmpletepicturesofthePC- .
peller,consistingofbothsidesofallfourblades,cuuldbe obtainedin
about1/2minute.

A resistance-&pepickupwasusedtoindicatethepropellerbkule
angle.~alibrationsshowedtheblade-angleindicatortobeaccuratewith-
~ *(@’.

A yawandpitchrecorderwasusedtorecord.theairplaneflightatti-
tude.Theyawandpitchrecorderutilizeda hemisphericaldifferentlal-
~essure--typehead,asill~tratedinfigure6. h electricalheaterwas
installedinsidetheheadtopreventthefornationoficewhichmightalter
thecalibratim.Theaccuracyofthisinstrumentwas*1/2°0

Themeteorologicalinstrumentsusedtomeasuretheliquid+atercon-
tent,dropsize,andfie=ir temperatureoftheicingcloudsaredescribed
indetailinreferences4,6,and7. Briefly,theinstrumentsconsisted
ofthefolluuing:Eotatingcylinderswereusedtoobtainshor~interval
averagesofwatercontentanddropsize.Continuousrecordsofwatercon-
tentweresecuredbymeansofa rotating-diskicing=ratemeter.lh?e~ir
temperaturewasmeasuredwitha shieldedthermometerconsistingofa ther–
mocoqp+econnectedtoa millivoltmeter. ,,

TESTl?R~URE.

Flighttestsweremadeinclearairtoobtainthedatumperformance
ofthetestpropeller,andinnaturalicingconditionstoobzinchanges
inperfcx’manceincurredthroughtheformationofice.Theregionsofoper-
ationinnaturalicingconditionscoveredmostofthenorthwestern,and
partofthemiddlewestern,GreatPlains,andcaste?.mareasoftheUnited
S+ates.LocationsofthevariousioingencountersarelistedintableI
ofreferencek.

During?lightinicingconditionsthetestprocedurewastocollecta
layeroficeonthepropellerblades,andatthesametimemeasurethe
liqtia+dercontent,dropsize,andfree-airtemperatureoftheicing
Clouas. Heatwasappliedtothewings,tail,winasbield,andleftpro-
pellertokeepthosecomponentsfreeofice.Thetestpropell~was
nnintainedinautcmmticpitch(constantspeed)throughouttheice+uild.-
-uppericd.Attheendofthepericdoficebuild-up,theairplanegener.
allywasclinibedabovethecloudlayer.

Photographsweretakenofthepropellerbladeswhilemeasurements ,
weremadeofairspeed,altitude,andattitudeoftheairplane;andblade
angle,rotationalspeed,thrust,andtorqueofthetestpropeller.The .
PWose of~~ theHsumments abovethecloudlayerwastoobtain

.,
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stableairconditions,whichweremcmecamiucivetosteadyreadingsthan
theturbulentconditicmsoftenexistinginicingclouds.Duringeachset
ofmeasurementstheprupellerbladeswerelockedatonebla(leangle,and
allflightconditionsweremaintainedasccmstantaspossiblefora time
sufficientlylongtoallow@l instrumentstoindicatestabilizedvalues.
Duetotheviscosityofthehykraticoil,thepressuregagesindicating
thrustandtorquetookthelongesttimeofanyoftheinstrumentsto
reachequilibrium,especiallyduringflightatlowtemperatures.When
timeandothercircumstancespermitted,readingsweretakenovera range
ofadvanceratio;thenthebladeanglewaschanged/toa newposition,
locked,andanothersetofmeasurementsobtained.~ this manner, an
effortwasmadetoobtaindatathruugha rangeofpropelleroperatingcon-
ditions,butfrequentlytheiceaccretimswouldnotr-in ontheblades
forthelengthyperiodrequiredforsuchmeasurements.Perfornance data
weresecuredatthree%ladeangles,21o,26o,a 310,approxhtely~
whichcoveredthenmml
farthetestairplane.

operatingrangeofcruiseandclimbconditions

meteorological,flight,andpropelleroperating
cmditionsunderwhichpropellericeaccreti&s-were~btainedispresentbd
intableI. Alsoincludedisa summaryofthelossesinprupel.lereffi-
ciencyobtainedfkomeachicingencounter.Thiscolumngivesthelossin
peakefficiencyforcaseswheresufficientmeasurementsweremadetodefine
theefficiencycur=. !l!hevaluewastakemastheclifferencebetweenthe ●.
twocurvepeaksfortheiced- thecleanpropeller.Whereonlypoint
valuesofefficiencywereobtained,thelossattheparticularoperating
Conaitimisgiven.AlltabalatimsofconditimsgivenintableI,with
theexceptionofprapellerbladeangle,arethosewhichprevailedduring
thetimeofaccumulatiaoficeonthe~upeller.Thevaluesofblade
anglearethosemaintainedduringtherecordingofperformancedata,after
leavingtheicingConaitiaus.

Aswillbenotedintable1,smallvariatimsfrom“thedesiredblade-
anglesettingsof210,260,and31°.occurredduetoinabilitytosetthe
pitchexactly.Inallcases,measurementsof.prupellerefficiencywere
madeatonlyonecmtwobladeanglesforanyoneparticularicefcmmation.

Allvaluesofliquia+atercdxxnt,.exceptforencounters6,8,and10,
weremeasuredwiththsrotatin@iskicing+ratemeterdescribedinrefer-.
ence4. Thevalueofwatercontentgivenforencounter6 istheaverage
ofthreemeasurementstakenwiththerotatingcylindersduringtheperiod
oficebuild+ponthepwpeller.!l%evalueforencounter8 isa single
measurementobtainedwiththerotatingcylindersduringtheicebuila+p
period.;whereas”thatforencounter10istheaverageoffourpoints
obtainedwiththecylindersduringicebuild=up..
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As indicateilintableI,thetestpropellerwasunheatedexceptduring
twoencounters. Cyclicheatingwasappliedtotheforward10prcentof
thebladesdwrhgtheicebui~+p periodofencounters10and11. Asa
consequenceofinsufficientheatandinadequatechordwisecov~age~
“runback”Y%rmationscollectedaftoftheheatedareas,alongwithprimary
iceaccumulations,‘butnomeasurableefficiencylossresulted.

Thevariousiceformationsweregroup~intodifferentclasses,
dependingonthethicknessandradialextentofthefornation.Theclas-
~ificationisbasedona studyofthephotographstakenoftheformations
amdisoutlin~intableII. Sucha classificationwasestablishedon
theassumptionthaticeformationsofequalthicknessandextentwould
causeaboutthesameperformancechange.IVoaccountwastakenofthe
shapeofformationsincethephotographswerenotofsucha character
astorevealthisfeature.Groupingbythesizeofformationalone,how-
ever,provedtobe justified,inasmuchasformationsinthesameclass
werefoundtocauseapproximatelyequalperformancelosses.Ilotationof
theclassoficeformaticmismadeintableIandonallthepwpeller
efficiencycurves.

Toestablishthedatumperformanceofthepropellerwithcleanblades.
(noiceformations),“cleer+irdataweresecuredatthethreeblade
angles.Thethrust-andpower+oefficientcurvesareshowninfigure7,”
ti therestitingefficiencycurvesaregiveninfigure8. comparisons
ofthethrust-andpower+oefficientcurvesfarthepropellerwiththe
bladescleanandwiththsbladesicedundertheccmditionsofta%leI are
presentedinfigures9(a)to9(e).Pointvaluesofthrustandpower
coefficientfortheicedpropellerarelistedintableIIIforcases
whereinsufficientmeasurementsweremadetodefinecurves.

Curvesofefficiencyasa functionofadvanceratiofartheprqeller
withiceaccumulationsarecomparedwithefficiencycmvesftmtheclean
PrOpeuerinfigures10to16. Thesecurvesweredrawne@c@ng values
ofthrustandpowercoefficientsfromtableIIIandfromthecurvesof
figure9byusingtheformula

where

11 propeller efficiency

CT thrustcoeffici&t

~ powercoefficient

J advanceratio

(1)
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Figure10presentsthevariationofefficiencylossforonetypeof
formationattwobladeangles,andfigurb11showstheefficiency-loss
variationforanotherclassofformtionatapproximatelythes- blade
angles.A comparisonofefficiencylossesfa twoclassesoffmnmtion
forthesamebladeangleisgiveninfigure12,whilefigure13compares
lossesforfivaformationsata higherblade&ngle,andfigure14cm-
pareslossesfortwoformationsata stillhigherbladeangle:Figure15 -
givestheefficiencylossfara low-temperatureconditiainwhichtheice
extendednearlytothebladetips.Figure16presentsa plotofeffi-
ciencydataforfamationswhichaccumulatedWringtwoencounterswith
propeller~ladeheating.Heatwasappliedcyclicallytotheforward
10percentofthebladechcrdand,aswasmentianedpreviously,primry
icefm’mations,togetherwiths=llamountsofrunback,gatheredbackof
theheatedregions.

Itshouldbenotedthat,infigures11,13,and16,singularvalues
ofefficiencyareshownforthepropellerintheicedcondition,which
areslightlyhigherthanthoseforthecleanblade.~ allcases,this
errcxrislessthan*~ercentefficiency,whichhasbeennbtedasthe
maximumexperimentalerroroftheefficiencymeasurements.

Recordsofyawandpitchoftheairplaneshowedthatvariationsof
20inyawand10inpitchfromtheclear+irconditimunderwhichthe
datumperforn=nce curveswereobtainedoccurr=duringthemeasurements
ofefficibncy withtheicedprapeller.Wind-tunneltests& theeffects
ofyawandpitchvariatiasonpropellerefficiency(referaices8and9)
showedthat,fora propelleroperatinginfrontofa wing,changesin
efficiencyof-y 1 percentresultedfromyawvariationsupto50,or
frcmpitchvariatimsupto1°. Therefore,itisconcludedthateffi-
ciencyvariati.gnsrestit~fra,de~ati~ fiWw @ Pitchfr~ We
clear+irdatranconditionsaidnotexceed1 percent.

Photographsofthecleanpropellerbladeswithheatingshoes
installedareshownInfigure17. Theseshowtheleading+dgemekllic
abrasionstripsinstalledonthebladesandthewhit&linemarkings
paintedontheshoestoprovidea mans f= identif@ngthepartic~
bladephotographedandtheextentoficeformtions.Itwillbenot~
that,insomeofthepicturesofthethrustfaceoftheblades,the
leading+geabrasimsin?ipsuul?daznatelygivetheappearanceofice
formationsand,therefcme,shouldnotbeconfusedwiththeactualforma—
tions. Picturesoftheiceaccretionsfcmwhichefficiencydatawere
obtainedarepresarlmdinfigures18to31. Allthepietiesshm ~
figures17to30weretakenwiththephotographicequipmentprevioudy
describedandwiththepropellerrotating.Figure31wasobtainedwith
a conventionalcameraandwiththeprupellerf-th=~. Inallcasesh
whichpicturesweretakenwiththespecialequipment,attemptsweremade
tosec=ephotographsofbothsidesofallfour,blades,
instancestheequipmentfailedtofunctionproperlyand
photographwereusable.

.

butinmany
onlypartsof-MM
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DISCUSSIOJ!T

Inadertogeneralizethetestresults

.

thathavebeenpresented,
withtheviewin- ofmakingpossiblea reasonablyaccurateevaluation
ofpropellerefficiencylosseslikelytobe~eriencedundervarious
icingand6peratingconditions,thediscussionthatfollowsdealswith
(a)a considerationofthosefactorsthatinfluenceprope~ efficiency
andtheirrelativeimpat’tanceundericingconditions,(b)thechanges
thaticeformationscannakeinthesefactorswithconsiderationofthe
changesinefficiencythatmaybee~ectedtoresult,and(c)the
influenceofoperatingconditionsonpropellerefficiencylossesinicing
conditions.

.
FactmsInfluencingEropellerEfficiency

Thefactorswhichaffectthe-efficiencyofa propeller
framthefollowingformula,whichisbasedonbladselement

where

~eefficiencyofblade

P a@e ofadvanceof

‘“=*

element

(bladeelement --1 ~, -)

.

,

naybeseen
theory:

(2)

.

.

Y-Em@e, the tangentofwhichistheblade+lement

(ti-+
qa@ift ratio

1

An exadmationof equation(2) showsthat, for
condition(Q=

w @ven operating
constant}.theefficiencyisdependentontheblade. .

elementdra+lift ratio.--Theprimaryeffectof-iceaccretionsontheaero-
dynamiccharacteristicsofa propell&istoincreasetheblade-element,
drag-liftratio. ‘

Effectofradialdistributionoficeaccretions.- Thechangein
radialdista?ibutionofthrustandtorquefora propellerwitha fullmpan
icefcremationisshownqualitativelyinfigure32.Theeffectsofa uni-
formincreaseintheblade-elementdra@iftratioareill@ratedin

“

.
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thisfigure.Itisetidentthat
hasa significantbearingonthe

9

theradiallocationoficeaccumulations
over+dl.efficiencylosssincetheradial

leadingofthrustandtorqueisnotuniformandthemajcrportionofthe
loadingisd.evelupedbytheouterregions oftheblades.An indicatim
oftheimgmtamceofradiallocationoficeaccretimwcanbeobtainedfrom
dataofthepresenttests.A studyoftableI showsthatthelargestloss
(10percent,encounter1)wascreateabya smallfmnationwhichextended
approximately~ percent.ofthebladeradius;whereasa muchlarg~,bti
shorter,formtionextendingabout55percentofthedistancealongthe
bladecausedonly~percentlossatthesamebladeangle(encounter3).
Thusitisetidentthat,whenformationsarelimitedtosmallradial
extent,largeaccretimswithcorrespondinglylargechangesinaerodynamic
characteristicsarenecessarytocauselargeefficiencylosses.An impm-
tantfactorhfluencingtheradial&rknttowhichicewiIlformona pro-
pellerbladeisthekineticheatingoftheairpassingovertheblade.
ThiseffeetofkineticheathgiSdiscu8s@h AppendixB.

E&fectofcheuesinblade-elementdrag-liftratiocmm uueller
efficiency.- Inordertoobtaina quantitativeindicationoftheeffeet
ofchangesinthedrag-liftratio(represented.inthesynibol7 inequa–
tion(2))onpropellerefficiency,calculationsweretie fortwohypo-
theticalpropellersforwhichthevalueoftheover-alldrag-liftratio-
wasaajustedtoproduceefficiencylossesof5,10,15,ad 20percent.
Theblade-angledistributionshowninfigure2 wastakenforbothpropel–
lers.Thetwopropellersconsistedofconventionalsectims.The
changesindrag-liftratiofortheentirebladespannecessarytoinduce
theassumedefficiencylossesof~,10,15,and20percentareshownin
figure33asa functionofadvanceratioforthetwopropellersoperating
atvariousbladeangles.Theenvelupevaluesofincrementindrag-lift
ratioasa functimofadvanceratioareshowninfigure33foreachof
theassumedefficiencylosses.Itwillbenotedthattheenvelopevalues
tendtodecreasesomewhatwithincreasingadvanceratio.Uptoadvance
ratiosofabout2,thedecreasesintheenvelopevaluesarenotgr-tand
thechangesindrag-liftratiorequiredtoproducethevariousefficiency
lossesarerelativelyconstant.A plotofincreaseindrag-liftratiofor
decreaseinefficiencywasmadeforbothpropellersbytakingtheaverage
ofthevaluesoftheenvelopecurvesbetweenadvanceratiosof1and2.
Thesedataarepresentedinfigure34. Propell=scomposedoflTACA
16+eriessections&houldexhibitaboutthesamerelationofchangein
drag-liftratiotochangeinefficiencyasshowninfigure34..

Thedataoffigure34applytocasesofaavanceratiouptoabout2.
Foradvanceratiosmuchabovethisvalue,thedataoffigure34wouldno
longerhold,duetotheslopeoftheenvelopecurvesshowninfigure33.
Sincethenormaloperatingrangeofadvanceratio
daytransportsisuptoabout2,ther-inderof
limitedtocasesofadvanceratioof2 orless.

fortypicalpresent-
thisaiscussimwillbe
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EffectofIceAccretiasonAirfoil%ection
andAttendaatEfficiencyLosses

Thefolluwtngdiscussionwillbeditidedinto

.,
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Characteristics

twopartscovering‘
(1)blade-element-drag-liftratiointheincompressibl+flowregime,and
(2)blade-elementdrag-liftratiointheccmpressible+flowre~.

plad~lementdra~-liftratiotiincompressibleflow.-Threeinvesti-
gaticmshavebeenconductedwhichcontaininformationbearingonthissti-
ject.Inreference10,theeffectsofa mildsimulatedicefamaticmon
theliftanddragofanI?ACA0012airfoilwerestudied.InthistiVeSti-
gation,itwasshownthatthemajcn?changeinsectioncharacteristicsarose
fromanincreaseindragandonlya relativelysmallchangecamefrom
decreaseinlift.Althoughtheaccreticmdidnotappeartobesevere,the
mud.mumincreaseindrag-liftratio-wasabout100percentcorresponding
toa pmpe12.erefficiencylossof8percent.(Seefig.3L)

.

A secondstudy,reportedinreference2,consistedoftestsofa
severesimulatediceformationona propellerwithbladescomposedof
ClarkY sections.Theaccretionextendedabout.tothebladetipsand
wasvery~egular,evenmoresofortheouterportionoftheblades
thananyformationobserved“duringtheflight“fivestigatimsinnatural
icingconditionsconductedbytheAmesLaboratory.Theformtionis
believedtobeatleastassevere,insofarasdeleteriouseffectsonper-
formanceareconcerned,asanywhichwouldoccurundernaturalconditicms.
Inreference2,thebasicdatafromthetestswerereducedtomeanlift-
anddrag-coeffici6ntcurves.Thesecurvesshowthechangeinmeansec-
tionliftanddragcoefficientforthewholepropellerend,fromthe
s-point ofCmgyltinglmximumpropelkrefficiencylosses,atebeliev~
torepresentthebestdataofthistypeavaikble.Thecurvesshowa max-
imumincreasefndrag-liftratioofalmut200percentata norm31operat-
ingliftcoefficient(o.6),duetothepresenceofthesimulatedice.
Approximatelyl~ercentlossinpeakefficiencywasmeasured.

Thethirdinvestigationconsistedofthedeterminationoftheeffect
ofprotuberancesontheaerodynamic~opertiesofanlMA 0012airfoil
(reference11).Theresultsof
a prupelhr,indicatethatonly
tionsoftheshapetestedcould
greaterthanabout150percent.

Theresultsofthesethree

thesetests,whenappliedtothecaseof
veryimprobablelocationsoficeforma—
causeincreasesindrag-liftratio

,

testsindicatethat,forpropellersoperat-
ingatrelativelylowspeedswithnoeffectsofccm&essibility,the&i–
mumincreaseinblad~lementdrag-liftratiopossibleinicingconditions
isabout200percent.Thismeans,takingfigure34andthemeasuredloss
ofreference2 asa basis,themaximumefficiencylosstobee~ectedat
lowspeedsisabout15percent.

.,

.

.
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Thelargestmeasurementsofefficiencylossofreference3 arenot
inagreementwiththeconclusionofa maximumlossof15percent.A dis-
cussionofthesemeasurementsisgiveninAppendixC.

Blade-elementdra$+lift ratioinconmressiblefluw.-Theonlyknown
high+peeddatapertainingtotheinfluenceonsectionpropertiesofalter–
ationstoanatifoilintheleading+dgeregicmaregiveninreference12.
Inthis.study,theeffectsofskinwrinklesontheaerodynamiccharacter–
isticsoftwoNACAairfoilswereinvestigateduptoa free+treamMach
numberof0.73.A low-dragml a conventionalsectionwerestudied.The
resultsshowedthatonlysmallchangesinliftresultedwithinthespeed
rangetested.However,reducti~oftheorderof0.05indrag-divergence
Machnmberweremeasuredwithbothairfoilsforthemostadversecases.
Inadditim,thenormaldragincreasesassociatedwithsurfaceirregu-
laritiesprevailedovertheentirespeedr-e. Franthisinformation,
itappearsthatalterationsintheleading-edgeccmtourofa prope~er .
blade,ofthenaturethatcouldbeexpectedfromaccumulaticmsofice,
couldraiucetheblade+lementdrag-divergenceMachnumber,thereby
reducingthespeed-e forefficientoperatimforpropellerscomposed
eitheroflow-drag(16+eries) orcmventimalsections.

An illustrationofthevariationofdragcoefficientwithI&chnum-
bersuchasm@t bee~cted fromiceaccumulations,us- theskin-
wrinkledataasa basis,isgiveninfigure35;thiscurveiscompared
witha similarcurvefora cleanblade.Itisapparentfromthesedata
thatreductionsinpropellerperformance,h additiontotheperformance
10SSeSarisingfromlow+peeddragincreases,arepossibleforpropellers
witha portionofthebladesoperatinginthespeedrangeofdragdiver-
gence.Theamouutofadditionalefficiencylossresultingfr?mthis
causewillbea functionofthqlengthofbladeaff6cted,whichisdepmd-
entonthemagnitudeofreductionofdra@ivergenceWch numberandthe
propelleradvanceratio.Obviously,thegreaterthereductioniddra~
divergenceMachnuniber,thelargerwillbethelengthofbladeaffected.

Inordertoobtainanindicationofthepossiblemagnitudeofthese
increasedlosses,comparativecalculatimsweremadeoftheeffectsofa
severeiceformationontheperformanceofa propelleroperatingathigh
speedassumingbotha decreaseml nochangeindrag+ivergenceMachnun+
ber. Operatingconditiauswerechosentoberepresarlativeofa typical
four-enginetransportairplane.Theadvanceratiowasabout2,andit
wasestablishedthatthebtiiletipswereoperatingjustatthedrag–
divergencel@chn~berforc1= b~es ● A decr~seof0=05h ‘e ba$-
divergenceI@chnumb=belowt~t forthecl~~e ~se ~s select~
fortheicedcouiitim.Theresultsofthecalculationsshowedthatthe
additionaldecreaseinefficiencyduetoadversecompressibilityeffects
wouldbelessthan1 percent.

Sincethetestsofreference12ontheeffectsofskinwrinkles
weretqkenasthebasisfortheassumeddecreasesindrag~ivergence
Machnuniberinthe’calculatims,theaboveresultsmaynotbe

#
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representativeoftheconditimsprevailingforactualiceaccretions.
Itisconceivablethatlargerreductimsindrag-divergence~ch number
mayarisefromthepresenceoficethanmeasuredfortheskinwrinkles,
but,consideringtheaboveresults,itisnotlikelythatefficiency
lossesresultingfromsuchcauseswouldbegreaterthan5percent.-
Therefore,itappearsthatforpropellersoperatingunderthemost
adverseconditionsatadvanceratiosupto2,withthemostseverefull-
spaniceaccretionspossible,efficiencylosseswouldnotexceed20per-
cent.

Normallyq ectedefficiencylosses.-Intheprevioussections,it
wasconcludedthatthemaximumefficiencylosstobeexpectedatlow
speedsisabut 15percentand,forpropellersoperatinginthecritical
speedrange,themaximumlosswouldnotexceed20percent.Forthemajor-
ityofcasesofpropellericipg,thelosseswouldbelessthanthese
valuessincetheyarerepresentativeofextremeconditionsinwhichthe
entirelength.of%1.adeisadverselyaffected;whereas,ina largenuniber
ofinstances,iceformsm onlypartofthebladeandusuallyina mch
lessdetrimentalconfigur-ation.Thisisingeneralagreementwiththe
measuredvaluesgivenintable1,whichdisplaysrelativelylowlosses,
witha maximumvalueof10percent.Also,a reviewofthemeasurements
madeduringtheflightsofreference3 showedthat,forabout90percent
oftheicingencounters,efficiencylosseswerelessthan10percent.
Thusitappearsthat,inthevastmajorityofinste2wesofpropellerQ
icing,efficiencylossescan%eexpectedtobelessthan10percent.

.

.

Mentimwas-e previouslythatlargeefficiencylosseshavebeen
reported,basedondecreasesinairplaneperformance.Insomecasesthese
repartedlosseshaveteenashighas30percent.Suchlargevaluesare
inconflictwithbothcalculatedandmeasuredlosses,anditisbelieved
thataccumulationsoficeonothercomponentsoftheairplanescaused
seriou6increasesindragwithcorrespailingdecreasesinairspeed,
whichwerefalselyattributedtopropellericing.Measurementsreported
inreference3 showedthatincreasesh airplaneparasitedragofas
muchas80percentare~ossiblewhenallcomponents,withtheexception
ofthepropellers,haveaccumulatedice.

InfluenceofoperatingConditicmsonPropeUer
EfficiencyLossestiIcingCtiitions

Whena yropel.leraccumulatesice,theresultingchangesinpropeller
performancearereflectedincorrespondingchangesinairplaneperfcmm-
ante.-Dependingonhowthepilotreactstothechanges,variousoperating
conditionscanbe establishedwhichmayhaveemincreaseddetrimental.
effectonthepropellerperformance.Thisaspectofpropellericingcan
bestbeexplainedbyreferencetoa plotofefficiencyasa functionof
advmceratio(fig.36).Inthis figure,curveA representstheenvelope- .
efficiencycurveofa cleanpropeller;whereascurveB representsthe
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equivalentcru?vefora casewhereiceaccretionswuuldc&useanefficiency
lossofa fixedamount. Thefactthatthetwocurveswouldheapproxi-
matelyparallelissubstantiatedbythedataofreference1. Ifanair-
planeoperatingatpointC oncurveA encountersicingandthepilatdoes
notadjusthiscontrols,theairspeedwilldecreaseandtheairplanewill
operateatsomepoint”suchasD,assumingthepropellerhasa constant
revolutia+er+inutepitchcontrol.Uponnotingthislossofairspeed,
thepilotmaytaketwocoursesofaction.Hemaytrytoreturntoa
pointnearthepeakoftheenvelupe,suchaspointE,byadjusting
enginespeedandpower.Iftheairframehasaccumulatedice,resulting
inhigherairplanedrag,thiswouldprobablycallfara reductioninpro-
pellerspeedandanincreaseinenginepower.Thepilotm9ytrytoshed
someoftheiceonthepropellerbyincreasingpropellerspeed.Thecon+
binedactionofcentrifugalfaceandkineticheating(seeAppendixB)
resultingfra anincreaseh propellerrotationalspeedisofteneffec—
tiveinreducingtheextentoftheiceaccumulation.Ifheisunsuccess-
fulinthisrespect,theprupellerwi~ continuetooperateoncurveB at
sorespointsuchasF. Hehasthuslostadditionalefficiencywithrespect
tothepossibilityofoperatingatE,shownas ~ infigure36,dueto
thecurvatureoftheenvelopecurves.Ontheottirhand,ifsomeofthe
iceisremoved,hewouldoperateatsomepointG,whichapproaches
curveA asa limit.Then,byresumingtheinitialengineuperatingcon-
ditims,itmaYbepossibletooperateatornearthebriginal~ointC.
Itshouldbenotedthattheforegoingdiscussicmappliestoanunpro-
tectedoraninadequatelyprotectedprupeller.Iftheentireairplaneis
properlyprotected,therewillbenoneedforcorrectiveactionbythe
pilotsincetheprupellerwillcontinuetooperatenearpointC.

Thusitappearsthatinoperationofunprotectedorinadequately
protectedpropellersinicingconditicm$,Tericdicattemptsshouldbe
madetothrowofftheaccretionsbyincreasingprupellerspeed.Ifthe
icecannotberemoved,itisdesirabletooperateatornearthepeakof
theefficiency-envelopecurvefartheicedprope~er.Thispeakis
probablylocatedataboutthesamevalue
forcleanblades.

CUIWZUSICINS

of–adianceratioas-thepeak

Astheresultofmeasurementsofpropellerperformancelossdueto
iceformation,tie aurhgflightinnaturalicingcmiitionsandsw
plementedbyananalysisofthefactmscontributingtoperfarmancelo~s
(inwhichall.valuesapplyforpropelleradvanceratios~
thefollowingconclusionsarereached:+.

1. Duringthevastmajorityoficingencounterswith
propellersonpresent-daytransports,propellerefficiency
e~ectedtobelessthan10percent.

toabout2),
.

unprotected
lossescanbe
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2. Themaximumloss tobeanticipatedforpropellersfreeofadverse
compressibilityy effectsisabout15perc~t;whereas,fm pwpellersuper-
atingabovethecriticalspeed,themaximumlosstobeexpectedisabout
20percent.

3. Reportedpr~el.lerefficiencylosseslargerthanabout15or
20percent,Wsed onreductimsinairplaneperformance,probablyare
actuallyduetoicingof

k. me ma”~itudeof
canbeinfluencedbythe
andprupellercontrols.

othercom@nents.

efficiencylossresulting
decisionsofthepilotin

AmesAeronauticalIabcmatcmy,
ITationalAdvisoryCcmmittee

MoffettField,Calif.,

. .

fcmAeronautics,
June15,+950.

.“

fromanicingencounter
adjustingtheengine

.
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APPENDIXB

.

cONsIDmTIoIis
EEATING

Kinetic~emperature

(IF THEREIATIOllOFK12@TIC
TOPROFEKERICIITG

RiseExperiencedbya Propeller-.
DuringFlightinIcingConditions.

Inclearairthetemperatureriseatthestagnationpointofa blade
sectionisgivenby

TF.At=—
2gjcp (3)

Thisequaticm,whichisderivedfroma balanceofthethermlandmechani-
calenergiestuvolved,definestheair-temperaturerise,and,provided
thereisnothermlccmducticminthepropellerblade,thesurfacetemper-
aturealsowillexperiencethesameincrease.If,asistrueintheprac-
ticalcase,thereiscauductionh theblade,thesurfacetemperaturerise
willbelessthanthatgivenbyequation(3)byanamountdependentonthe
equivalentconductivityy oftheblade,itsshape,andotherfactors.

Ina cloudctiosedofwaterdrops,thekinetic-temperatureriseof?
thebladesurfaceisreducedduetocoolingbyevapcmaticmofthedrops
impingingonthesurface.Equationsforcomputingthekinetic-temperature
increasewithevaporationprevalentarepresentedinreference13. One
difficultyinvolvedinthesolutionoftheequaticmsofreference13is
thattheymustbesolvedbytrial,a laburiousprocedure.Thestagnation–
temperatureriseina cloudmaybeobtainedwithconsiderablylesseffort
byusinga pseudo+diabaticdiagram,suchasshowninfigure37. The
resultingvaluewillbethesameasthatobtainedusingthemethodofref–
erence13. Theprocedureforcomputingthistemperatureriseisoutlined
infigure37asfollows:

EstablishpointA atthepressurealtitudeandanibient=irtemperature
forwhichthecalculationistobemade.calculateAtm us-
equation(3),addthisvaluetotheairtemperature,@ followdowna
dryadiabaticlinetothetemperaturelineobtainedfromtheresulting
sum(pointB). Thisestablishesthe-pressureintermsofaltitudeat .
thestagnationpoint.PointC isthendeterminedby‘theintersection
ofthestagnation-~essurelineendthelinedrawnthro~hpointA
psmlleltothepseud+iabaticlines,andthispointisthewet
stagnationtemperature.Itwillbenotedthatthewetkinetic-temper-
atureriseisconsiderablylessthanthatobtainedindryair.

. ------ ,.-._. .. ___ . . . . . . . . . . . ..- .—c . -.. -- - — --- -- —-- - ------——- -.--, -- -- .
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Therearetwolimitationstotheabovemethcdforcomputingstagnaficm-
,.

temperatureriseinwetair.First,noacco.mtistakenoftheheatremoved
frcmthestagnationregionbywaternotevapcmatedwhichflowsaftduring =
flightincloudsofhighwatercontent.Thisfactorlikewiseisnotcon-
sideredintheanal~isofreference13. Thesecondlimitationisthatheat
conducticminthebladeisneglected.Thereisnosimplewayofincluding
thisfactorinthecalculatims.A fairlycompleteanalysisanddiscussion
ofthisaspectofkineticheatingisincludedinreference13.‘Inrefer-
ence13,comparisonsaremadebetweentheeffectsofkineticheatingona
perfectlyconductingbladeanda completelynonconductingbladeina cloud.
Onlyconductionina chordwisedirectionisconsidered.Itisshownthat
theeffeetofcmductionistoreducethest+agnatiantemperaturefrmnthat
fora nonconductingblade1 -

.
Inordertoobtaina comparisonofkinetic-temperaturerisecalculated

bytheabovemethodswithtemperaturerisesprevailingduringactualflight
inicingconditions,valuBsobtainedduringthepresenttestswereplotted
infigure38,togetherwithcurvescomputedusingequation(3)anda pseud~
adiabaticdiagram.Theatmosphericconditionsassumedforthecurvecom-
putedusingthepseud-iabaticdiagramare12,000feetpressurealtitude
and5°F free-air-temperature,whicharetheaverageoftheconditionsfor
theflightvaluesofkinetic-temperaturerise.Thevdluesobtainedduring
thetestswerecomputedusingpropellerphotographsfrcmicingencounters
inwhichtheradialextentoftheiceformtionsapparentlywaslimitedby .
kineticheatingandinwhichtherewasnoobviousbreakoff.Byassuming
thattheendoftheformationwasatfreezingtemperatureandnotingthe
radialextentfromthephotographs,itwaspossibletoplotthekinetic-
temperatureriseaboveaaibientasa functimofthesectionvelocityat
theendoftheformtim. Forfurthercomparism,experimentaldatafrom
reference14,whichwereacquiredina mannersimilartothatemployedfa
theabovepoints,alsowereplottedinthisfigure.

Inthecaseofthevaluesobtainedduringthep?esentinvestigation,
itwasnotedthatthepointsdisplayedconsiderablescatter.A studyof
thedatarevealedthatthepointsfellintothreegroups,dependingonthe
atmosphericccxiiitionsprevailingatthetimethephotographsweretaken
whichestablishedtheradialextentoftheiceformtims. Thegrouping
isgiveninthefolluwingtableandthedatapointsoffigure38werecor-
respmdinglydivided:

(&Q Atmosphericconditimexisting #
attimeofphotograph

1 .Continuous.icing .

9.. Ici~ cloudsofverylowliquid-
watercontentorbrokencloudswith
patchesofclearairbetween

I3 J clearairorsnow I

.-— —— ~.-. ---- -—-— - -- .. .. . . . . .. . . . .
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Group1 coversthepointsfortheconditioninwhichsufficientliquid
waterwouldbepresenttoinsurecontinuousevaporationat.thebladelead–
ingedge.Thepointsencompassedbygroup3 shouldexhibitclosetothe
fullkineti+temperatureriseforclearairintheabsenceofevaporative
coolingfromwateronthesurface.Ingroup2,periodicexposureofthe
bladetowaterclouds,thentoclearair,orexposuretoverysmallamounts
ofwater,wouldcausea smallerdegreeofevaporationthancreatedunderthe
conditionsof~oup 1. Thus,thepointsofgroup2 wouldbeexpectedto
fallbetweenthepointsofgroups1 and3. Suchactuallyprovedtobethe
case.Infigure38,thepointsfallingingroup1 establisheda fairly
well-clefined.curve,thoseiqgroup3 weredistributedaroundthecurve.
determinedbyequation(3),andthepointsingroup2 layinbetwetithe
tvocurves.Withoneexception,thedatapointsfromreference14followed
thesamegeneralpattern,coveringthesamerangeastheotherpoints.The
nmcmfamingpointobtainedata blade+ectionvelocityof500milesper
hourisbelievedtobeinerrar.

Itwillbenotedthatthecurveforcontinuousicing(group1)is
belowthatestablishedbythepseudo+diabaticdiagram.Thiscouldbedue
toa caibinatimoftwooauses.First,someofthekineticheatdeveloped
mayhavebeenremovedbywaterflowingbackfromtheleading+?dgeregim.
Second,thermalcmductiminthebladewouldtendtolowertheexperimental
values.Neitherofthesefactorsisconsideredintheprocedurefordeter-
- thecalculatedcurve.Ifconductionwerethepredominantcauseof
thelowerexperimentalvalues,thiseffectalsowouldbeprevalentforthe
clear-airpoints(group3),butsuchisnotthecase.Thennterialused
intheconstructionofthetestheatingshoesappearstohaveprovided
fairlygoodinstitian.Itisconcluded,therefore,thatremovalofheat
frcxutheleading-edgeregionbywaterflowingaftcanhaveconsiderable
effectinreducingthekinetic-temperatureriseofa propellerbladein
icingConditions.

Beneficial~fectof.KineticHeatinginPreventing
PrematureCompressibilityEffects

Withtheouterpcmtionofa propelleroperatingathighvelocity,it
ispossiblethatthedeleteriousactionoficeaccretionsinreducingthe
blade-sectiondrag-divergenceMachnumberwouldbepeventedthroughthe
beneficialeffectsofkineticheating.Thus,ificeispreventedfrom
formingonthebladesinthecriticalregions,noadverseresultsfrom
thiscausecanoccur.Theextenttowhichthebeneficialeffectswill.be
manifestedisa functionofthepropellerspeedandthefre~ir tempera-
ture.A plotoftheairtemperatureduwntowhichprotectionfromkinetic
heatingwillbeobtainedasa functionoftheblade+ectionMachnumberis
giveninfigure39. Valuesofkinetic-temperaturerisefromthecontinuous-
icingcurve(group1)offigure38wereusedintheconstructimof
figure39.
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Thedataa!?figure39maybeusedtodeterminetheanbienttempera-
tureabovewhichadverseccmpressihilityeffectSduetothepresenceof
icewillbepreventedbykineticheating.IYa drag+vergenceMach
nuniberof0.75isassuned(typicalcd?theoutersectionsofpresent+day
propellers],kineticheatingwillpreventcompressibilityeffectsresult-
tngfromiceaccretionsdowntoenanbienttemperatureofabout2°1?.

- ofBlab’Heat& ShoesasMluenced
byElneticHeating

Jnmostcasesatthepresenttime,propellericeprotectionis
obtatiedthroughtheuseat’ribberheatingshoescementedtotheexternal
-ace alongthebladeleadingedges.Theshoesaresub@cttoerosim
tytheabrasiveactionofforeignmatterh theair.Thisisespecially
truefcmtheouterregionsofthebladewherevebcitiesarehigh.The
proltlem$ssocriticalfroma mdntenancestandpointthatmostatiline
operaixmshaveres6rtedtiusingrelativelyshortheatingshoestokeep
abrasionata practicalminimum.A typicalextentofshoecurrentlyIn
useona l~oo~ameter prqpellerist-othe60=percent+radiusstation.
Forsucha propelleraperatingat1000rpmand300miles+e&murtrue
airspeed,conrphteprotectioncuuldbeanticipateddowntofree-air
temperaturesofabuut15°F,duetotheccnibinedactionoftheheating
shoes=a kineticheat-. Belowthistemperatureicecouldformonthe
bladestitheregionlimitedORtheinnerend%ythebladeshoesandon
theouterad bykineticheating.Atverylowtemperatures,ofcourse,
theioewwld extendfrm theouterendofthebladeshoescleartothe
tips.W&r thesecircumstances,itcsmbe shown,usingblade-element
theory,that,withaniceformationovertheunprotectedportionofthe
bladeofsufficientseveritytocauseanover+allefficiencylossof15
percentfora fu31+panaccretion,a lossinefficiencyofabout10
perccnrtcouldresult.Thusitisseenthatpartial+panbladeshoescan
reduceconsiderably,butbynomens entirely,propellerefficiency
losse~resultingfromtheaccretionofice.Tna god may mtances,
airtemperatureswin besufficientlyhightoprevent~ iceformation
beyondthebladeshoe,andonlythenegligiblysmallefficiencylosses
resultingfromperiodicformationsonthebladeshoesthroughcyclic

# heatingwill.be immretl.

.
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0~1~ OFPREVIOUS~ OFLARGEmmELLER
EFFICIENCYLOSSES~ ICIKG001!DITICIKS

Threemeasurementscd’propellerefficiencylosspresentedinrefer-
enoe3producedvaluesof15percentorgreater.Theairtemperatures
prevailingatthetimeofthesemeasurementswererelativelyhigh;thus
theactionofktneticheating(seeA~mi& B)would.havelimited‘the
radialex&mtoftheioeaccreticms.Uhdersuchcircumstances,the~-e-
senceofadversecompressibilityeffectkise-emelyunMkely,andthe
maximumefficiencylosstobeexpectedwouldheabout15percent,as
concludedinthebcdyofthepresentreport.withonlypartial+pan
formations,itwouldbeexpectedthatthemeasuredlossesshouldhave
beensomewhatlessthan15pez%ent.b tiewofthisdiscrepancybetween
themeasuredlossesofreference3 andthemaximumlossasconcludedin
thisreport,itisofInteresttoinvestigatethechemgesinpropeller
sectionpropertiesrequiredtoproducethemeasuredlosses.Accordhgly,
calculationsweremadetoestablishthemagnitude& aero@amicchanges
necessarytocausethethreelosses.

Thethreehighestlossesremrdedinreference3 are15,17,-d 19
percent.Theairtemperatureexisthgatthetimeofthemeasurements
was25°F,21°F,~d 18°F forthelossesof15,17,and19pwc~t,
respectively.Fromthis~ormation,theradialextentoftheformations
prevailingforthesetemperatureswascomputed,usingthecmve cd?
Idnetic+emperaturerisefa ccmtinuousioing(group1)offigure38.
Theairplaneoperatingconditicmsgiveninreference3wereused in the
computations. Resultsofthiscalculationestablishedtheouterldmit
oftheiceaccretionat33percentofthebladeradiusk thecaseofthe
l~ercentloss,at~ercent radiusforthe17*ercentloss,ti at
6~ercentradiusforthel~ercentloss. ‘

Thechangesk sectimdrag-liftratiowhichwouldbereqzl.redfor
theicedportionsofthebladestocausethemeasuredefficiencylosses
werethen00mpd33d5 using clean+ladethrust—md torque+stribution
curveswhiohwereconsideredrepresentative.Forthe1> andl~ermnt
efficiency-losscases,theseCUIWSwere0dc7.ikhabythe~thoaof
reference15;=a, forW 17+percentlosscase,theywereapproximated
fra dataofreferencez6.Resultsd thecalculationsshowedthatover
20~ercentincreaseindrag-liftratiowouldhavebeenrequiredfor
theicedpartofthebladestocauseanefficiencylossof15peromrb
undertheexistingconditims.Similarly,increasesin&a-liftratio
of900and800peroentfortheicedregimmwerecalculatedtohave.been
necessarytocreatethelossesof17percent-and19percent,respectively.

M viewofthefactthatemincreasein&ag-klftratioofabout
200percentwasconcludedprevluuslyinthisreporttobe~themaximum

.
.
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possibleinicingconditions,itisdifficulttoreconcilemeasurements
prtiucing4to10timesthischange.Possiblythefamations.encountered
duringtheseparticular”tests”ofreference3 wereasdeleteriousasthe
measurementsindicate,butthevalidityofthesethreevaluesisseriously
questioned.Itisnotbelievedthatlossesofsuchamagnitudecanbe
experiencedattherelativelyhighairtemperaturesofthetests.During
theexperimentsofthepresentreportitwaslearnedthaterrmeousmeas-
urementsofefficiencyareverylikelyifconsiderablecareisnotexer—
cisedinallowingconditimstostabilizebefmetakingreadings.This
issometimesverydifficulttoaccomplish,inviewoftheturbulenceoften
associatedwithicingccmditime,anditisbelievedthatthemeasurements

I ofthethreeefficiencylossesunderdiscussionareinerrcm.Validityof
theresultsofreference2,fromwhichthemaximumvalueof200+ercent
increaseindrag-liftratiowasderived.,isnotdisputedsincethetests
wereconductedina windtunnelinwhichstableconditionsgenerallyexist;
also,thereisnoreasontobelievethedataweresubjecttosystematic.
error,
reduce

anda largenuniber
randomerrars.

ofobservationswerenmle,.whichwouldtendto

.
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NACATH221.2

.

TABLEII

ICEFORMATIONCIASSIE’ICATIONSYSTEMUSEDTEROUGHCUTREPCRT

Outerlimit ofice
Cti13B

Thicknessoficeat
fcnw!ation class leadingedgeinchord-

(~ercenttip=dius) wisedirection(in.)

1“ 26to41 A LessthanX14

II 42to54 B l/4to1/2

55to68 c“ l/2to1

Iv 69to81 D. Over1

v 82togj —-- ,

.

.

.

.

.

;, .-:.-. .. ”---- ..
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TABLE111

EXPERIMENTALVAIUESOFTHRUSTANDPOWERCOEFFICIENTF(IRSEVERAL
ICINGENCOUNTERSINWHICHCTILYSINGULARVALUES

OFPROEEIZEREFJ?IC- WEREMEASURED

Thruet Power Blade
Encounter‘d-cc coeffi- coeffi- angle,‘h Photo

ratio, cient, cient, figurefigurenuuiber V/m
CT (::g) ntier nudber

CP

f 1.07 0.066 0.07825.8 11 2

1
1.07 .064 .077 25.8

J
1.16 .lok .159 31.8
1.17 .101 .152 31.8 I 1? .95‘.074 .084 25.8

j

.98 .074.
1.03 .071
1.03‘ e070 :: i f f+ v .+

8 1.07 .07’3 .088 25.8 13 ?6
1.07 .073 ●088

I I
vf

1.07 ●073 .089
1.08 .073 .088
1.08 .072 ‘.088
1.09” .073 .089 I

v v +
.90 .104 .115

~
21.5 v 27

●92 ●log .121 21.5 v v
10 1.13 .096 .r26 26.5

I
J6 28,,29

1.14 ●090 .U8
1.17 .096 I.127 v I i

v v v
11 1.28 .102 .149 29.5 16 p
J 1.29 .102 .149 29.5 4 ~

12 .98 ●115 .139 28.0 ~ y

I
1.00- .111 .140

!
i

1.04 .102 .128 i
v 4 v

*
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.

10 ./0

0 0
.

Fractionof tip rodus,r/R

Figure2.- Chorocteristicsof the testpropeller;diameter,/3.5,feet.
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.

Figure3.-Testpropeller-showingthespeciallyccmstructedblade

33

.

heating

shoesandthespinner. ,

.
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19 .

Figurek.–C-ra installationforphotographingtiethrustfaceQfthe
testpropellerblades.

.
I.

s

.

Figure5.-Propellercamm+flash-~ installations. .
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.

I
I _ — -— ---- ~
I #--- . .

Figure6.-Hemisphericalclifferential+essuretypeyawandpitchhead.
Airspeedtotal+ressureheadsaremountedoneithersideoftheyaw
andpitchhead.
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w

.08 ,

\

.04

I 1
‘6 .8 10 k2 L4

Advance ratio, J

Figure Z- Thrust and power coefficients for the test propeller with b/ode heating shoes and
wifh no ice formations. .
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Advance mtio, J

F/gum 8.-Eff/c/ency curves for the test propeller with blade heating
shoes and with no ice formations. 1!
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.20

Advance rat}o,
(tY)Encounters3 and 5. ~s 258” and 318”.

Figu?w9.- The effect”of ice formations on the variation of thrust and power
coefficients with advance ratio.

I



./0

.08

&

.02

“i
“t

o
.

Advance rat/o, d .

(b) Encounter 3a. ~ = 2~70.
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Figure 9.- Continued.
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Aiivtmce ratio, J

(e) Encounter ~. & s 31.8°.
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“ Figure 9.- Concluded.
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Figure IO.- Comparison of efficiencies for clean and Iced propeller,
at two blade angles for ice formation type ED. Thtust- and
power - coefficient data from figure 9(a).
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.

Figure11.- Gomporisonof efficienciesfor cleonand iced
propelleraf two bhde anglesfor ice formationfype
Zb +~/2YA. Encounter4. Thrust-andpower-coefficient
data fmm tableZ.
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NACATK221.2

.

.
,,

..

— Glean
-––- lcec’~form.typeZD*enc.30

0 iced, form.typeZG +YA, enc.9

.8 .9

.

.

Advanceratio, J

Figure12.- Gomporkonof efficienciesfor clean -
and &ed propellerfor fwo Ice formutlons.
Thrust- andpower-coefficr’entdofo o?~ =20.7°
from figure 9(b); ot & =Pk5° from fableRT.
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.9
\.

Advonceratio, d ‘

.

Figure/3.- Comparisonof efficienciesfor clean and
iced propellerfor five ice formofionsat one
blade ongle.& =258°. Thrust-andpower-coef-
ficient data from figures 9(0), 9(c), and 9(d], und
foble22Z’.
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––- - Iced’sform.type10+ //4ZW9 enc.Z.
— — Iced,form.typeZOSenc.3

— —,

“0
0

/ 0
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I

.6
10 /./ L5

,Advunceratio, d

Figure!4.- Comparisonof efficienciesfor clean
and iced propellerfor two ice formationsot

“ oneblade angle. ~= 3L8e. Thrust- and power-
coefficientdofo from figures9(0’)ond 9(e).
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G!eon “
o Iced

I I I

I I I I I I I I 1 .

Advance:ratio,”J

Figure15.- Gomporkonof efficienciesfor clean ond
- Iced propellerfor Ice forn?otiontype~B. ~=2&O? -

Encounter/2. Thrust-andpower-coefficient doto
from toble2Z.
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.

.

“

Advanceratio, J.
\

Figure 16.- Comparisonof propellerefficiencies
for blades clean and with smell ice formations .
resultingfrom inadequatecyclicheoting.T&ust-
undpower-coefficient,data from tobleZ2T.
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(a) Caniberfaceofblade.

.

(b)Thrust “faceofblade.

Figure17.-Photographsofclean propener blades.
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.

Iceformationofencounter1. Canberface.Peakefficiency
percent.
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57

Figure19.-Iceformationofencounter2. @uiberface.~eak
loss,1to2percent.

efficiency
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.

Figure20.-Icefmmationofencounter3. Camberface.Peakefficiency
loss,4 percentat P.= 25.8°;6 percentat PO= 31.8°.
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bl!hb2-dA

Figure21.-Iceformationofencounter
loss,o to1 percent.

I

3a.Camberface.Peakefficiency
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.

*

(a) Csmberface.
—.

Figure22.-Iceformationof
$0= 25.80;8 perceatat

.- ---
.. . . . . ...

.

/

.-

encount6rk. ~ficiency
$0= 31.80. -

loss,O percentat
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,

.

mT1-~iijJ=,/,,.-’”- :
,. : -“h-:‘

.

.

(b)Thrustface.

Figure22+ COUClti8d..
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.

(a) Camberface.

I?igure23.- Iceformationofencounter5. Peakefficiencyloss,
4 percent.
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.

(b)Thrustface.

Figure23.-Concluded.
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.

,

(a)Caniberface.

Figure24.– Icefmuati~M &wnter 6. Peakeffici~cY
4 percent.

loss,

.
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.

(b)!thrustface.

Fiwe 24.-concI-tieil.
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(a) Caniber

(b)Thrust

75

faoe.

face.

Figure25.-Iceformationofencounter7. Efficiency
3percent.

loss,1 to
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.

(a)Camberface.

..

(b)Thrustface.

Figure26.- Ice “formationofencounter8. Efficiencyloss,

77

percent.
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9

(a) Ca@erface.

Figure27.- Icefcmmationofencounter9. Efficiencyloss,1 to
k percent.
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(b)Thrust face.

Fi~e 27.- COUI.UJML.

81
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Figure28.- Iceformationofencounter10. Thrustface.Efficiency
O percent.

loss,
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.

,

Figure29.- Iceformationofencounter
O percent.

10.Thrustface.Efficiencyloss,

Figure30.-Iceformationofencounter11.Thrustface.Efficiency
opercent.

loss,
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Figure31.-”Icef0rmat30nofencounter12. Camberface.
5 percent.
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— G/eon blade
---- Iced blode

(?7)Thrust.
.

/\

G/eon blucfe I’ ‘
---- Iced blude ,1~

1’ P

FLroctionof hjorodius,x

Figure32.- Quulitotiveindicationof chunges
in spunwisedistributionof thrust ond
torquefor o propeller”with u full-span
ice fornlution.
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Figure33.LCa/culotedcurvesof chungein sectiondrag-lift rotiofor entireblade ‘
spantaquimdtoproducevariousefficiencylossesfor twopnpellerscomwsed
of diff~rentairfoil sections.
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300 .

----NAGA00/2
Poo
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Figure34.- The calculofedvariationof the maximum
decreasein propellerefficiencywith increasein

. over- all blade- elementdrag- lift ratio. Data not
applicablefor udvanceratios greater than 2.
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Figure 36.- Vorioflon of blade-element drag coefficient
with Mod number, as estimated from dato of
rwfetance M..
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Figure3Z - Pseudo-adiabaticdiagramshowingprocedurefor
computingkinetic-temperaturerise at stagnationpoint
in o cloud (wet air).
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Figure38.- Gomporison”of co/cu/otedand meosuredvaluesof

kinetic-temperaturerise of stagnationline of o propeller
bide os o functionof blade-sectionvelocity.
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39.- Vorlation with blade-section Mach number of free-
temperature down to which ice formation wiil be

prevented by kinetic heating.
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